netic oxygen molecules that were strongly attracted to the surfaces of SWNT bundles. However, partial contribution due to possible changes of electronic properties (i.e., they became more metallic) cannot be excluded. This issue is currently under systematic investigation. Nevertheless, interactions between SWNTs and oxygen molecules at room temperature cannot be ignored.
. NMR measurements were done in a field of 9.4 T. The 13 C T 1 was measured by the saturation-recovery method with pulsed spin-locking detection. Intensity calibration showed that the observable 13 C nuclei are over 80% in sample C. Paramagnetic centers, which might wipe out spins in the surrounding and experimental errors, such as the sample dependence of the Q factor, may contribute to the small discrepancy. 11. The MAS spectra taken at various recovery times after a saturation pulse in sample C reveal a broad featureless peak, which has a short spin-lattice relaxation time of 0.5 s at room temperature. This peak is about 30% of the total intensity and is attributed to impurities in sample C. 12. J. Winter, Magnetic Resonance in Metals (Clarendon, Oxford, 1971 ). 13. Although T 1␤ is comparable to the lowest 13 C T 1 value observed in graphite (100 to 1000 s at 300 K), the concentration of graphite and carbon nanoparticles in the present sample is too small to account for the observed two-thirds of the 13 C nuclear spins. Furthermore, the residual Ni particles are generally wrapped in carbon nanoparticles, which would be wiped out from the NMR signal by local magnetic field. Therefore, 13 C nuclei associated with both T 1␣ and T 1␤ were attributed to SWNTs. 14. R. Tycko et al., Phys. Rev. Lett. 68, 1912 Lett. 68, (1992 68, 855 (1996). 18. The ratio T 1␤ /T 1␣ ϭ 8 far exceeds the largest ratio of 2.5 between the fastest and the slowest relaxation rate due to the anisotropy of the relaxation mechanism (16) . Thus, the nonexponential decay is due to the distribution of tube properties, rather than the relaxation mechanism. However, each of the two components can be nonexponential due to the anisotropic relaxation mechanism as well as the distribution of tube diameters. Such details, however, cannot be revealed by data. If the decay is not strictly exponential, 1/T 1␣ should be a good estimate of the decay rate at early time, and this is equal to ͗1/T 1 ͘ avg [see (16) /h (where e is the electron charge and h is Planck's constant). For an MS junction, the semiconducting nanotube was depleted at the junction by the metallic nanotube, forming a rectifying Schottky barrier. We used two-and threeterminal experiments to fully characterize this junction.
Single-walled carbon nanotubes (SWNTs) have been proposed as an ideal system for the realization of molecular electronics (1) . Individual SWNTs may act as devices such as field-effect transistors (2, 3), single-electrontunneling transistors (4, 5) , or rectifiers (6 -10) . However, a question remains: How can individual SWNTs be joined together to form multiterminal devices and, ultimately, complex circuits? We have begun to address this question by characterizing SWNT-SWNT junctions formed by nanotubes that lie across one another on a substrate. This type of junction is easily constructed and, with the development of techniques to place nanotubes with precision on substrates (11), could conceivably be mass produced.
Our SWNT-SWNT junctions consist of two crossed individual SWNTs or small bundles (diameter Ͻ3 nm) of SWNTs with four electrical contacts, one on each end of each SWNT or bundle (12). In addition, a gate voltage V g can be applied to the substrate to change the charge density per unit length of the SWNTs. In an atomic force microscope (AFM) image of a completed crossed nanotube device (Fig. 1) , two crossed SWNTs (green) interconnect the Cr/Au contacts (yellow).
We can independently measure each SWNT and determine its properties in this configuration. SWNTs may be metallic or semiconducting, depending on their chirality (13). At room temperature, metallic SWNTs have a finite conductance that is nearly independent of V g . Semiconducting SWNTs are found to be p-type, conducting at negative V g and insulating at positive V g (2) . Our crossed SWNT can be composed of two metallic SWNTs (MM), one metallic and one semiconducting SWNT (MS), or two semiconducting SWNTs (SS).
The two-terminal conductances measured across MM junctions are comparable to the two-terminal conductances of the individual SWNTs; the junction resistance is of the same order of magnitude as that of the tubes and their metallic contacts. This result prompted us to measure the four-terminal conductances of the crossed SWNT devices in order to accurately determine the junction conductance. Current is passed into one arm of one tube and sunk from one arm of the second tube. The other arms act as voltage probes. Figure 2A shows the four-terminal current-voltage (I-V ) characteristic of an MM junction at 200 K (14). The slope of IV corresponds to a resistance of 200 kilohm, or a conductance G of 0.13 e 2 /h (where e is the electron charge and h is Planck's constant). Similar measurements of three other MM junctions gave conductances of 0.086, 0.12, and 0.26 e 2 /h. The measured conductances of MM junctions correspond to a transmission probability for the junction T j ϭ G/(4e 2 /h) Ϸ 0.02 to 0.06. Thus, an electron arriving at the junction in one SWNT has chance of a few percent of tunneling into the other SWNT. MM junctions make surprisingly good tunnel contacts, despite the extremely small junction area (on the order of 1 nm 2 ). We have performed first-principles density functional calculations of the conductance of MM junctions (15) (see supplementary material available at Science Online at www.sciencemag. org/feature/data/1048209.shl). For two SWNTs with wrapping indices (5,5) separated by the van der Waals distance of 0.34 nm (Fig. 1B) , we find T j Ϸ 2 ϫ 10
Ϫ4
. However, when the contact force between the nanotubes due to interaction with the SiO 2 substrate was included (16) (Fig. 1C) , we found that the nanotubes deformed significantly at the junction. In this case, we found T j Ϸ 0.04, in excellent agreement with the experimental result. Indeed, the charge density in the contact region became sizeable as the nanotubes became closer and more deformed, resulting from a significant overlap of intertube wavefunction.
The measurements of SS junctions are complicated by the often very resistive (3) contacts to semiconducting SWNTs. Nevertheless, we have observed two terminal conductances of SS junctions as high as 0.011 e 2 /h and 0.06 e 2 /h (the higher conductance curve is represented by the open circles in Fig. 2A) . These values are lower bounds for the true SS junction conductances and indicate that the SS junctions, like the MM junctions, make relatively good tunnel contacts. This result is not surprising; both MM junctions (Fig. 2B ) and SS junctions (Fig. 2C ) are expected to have a finite density of states available for tunneling on either side of the junction.
The MS case (Fig. 2D ) is qualitatively different from the MM and SS cases. Charge transfer at the junction between a doped semiconducting SWNT and a metallic SWNT is expected to form a Schottky barrier (17) as follows. Because semiconducting and metallic SWNTs both share the same graphene band structure, we expect them to have nearly identical work functions. Hence, the Fermi level E F of the metallic SWNT should align within the band gap of the semiconducting SWNT at the junction, depleting the doping of the semiconducting SWNT at the junction. Far from the junction, however, E F is in the valence band of the semiconducting SWNT.
Thus, in addition to the tunnel barrier between the two SWNTs, there also exists a Schottky barrier with a height approximately equal to half the band gap of the semiconducting SWNT. The depletion region in the semiconducting SWNT associated with the Schottky barrier represents an additional tunneling barrier. The total barrier transmission probability T MS is then given by T MS Ϸ T j T d , where T d is the transmission probability for tunneling through the depletion region to the location of the metal SWNT, and T j is the probability of tunneling between the SWNTs.
The I-V curves for two MS junctions, measured at a temperature of 50 K and V g ϭ Ϫ25 V, are also shown in Fig. 2A . We first concentrate on the linear response conductance of the MS junctions. Compared with the MM and SS junctions, the low-bias conductances are two orders of magnitude smaller; T MS Ϸ 2 ϫ 10 Ϫ4 for both devices. If we assume that T j Ϸ 0.04 for the MS junctions (which is comparable to the MM value), then
. This is in excellent agreement with a recent calculation by Odintsov (17), who found T d Ϸ 5 ϫ 10 Ϫ3 and a corresponding depletion width of 7 nm for a doping level similar to that of our experimental case (19).
The I-V characteristics of the two MS devices shown in Fig. 2A are shown over an expanded bias range in Fig. 3A . The conductance grows with increasing bias and is greater for positive biases applied to the semiconducting SWNT than for negative biases. (The two terminal I-V curves of MM and SS junctions are relatively featureless over the same bias range.) This nonlinear behavior is expected for a Schottky barrier formed at the junction between a metal and a p-type semiconductor: Forward biases reduce the Schottky barrier (Fig. 3, lower  inset ) and lead to current flow. The forwardbias I-V curve saturates to a linear behavior, which extrapolates to a positive V intercept. The V intercept of the linear region gives a measure of the barrier height: E barrier ϭ 190 and 290 meV for the two devices. This agrees reasonably well with the expected barrier height E barrier ϭ E g /2 ϳ 250 to 350 meV for 1-to 1.5-nm semiconducting SWNTs (E g ϳ 500 to 700 meV ) (13). Reverse biases increase the Schottky barrier (Fig. 3,  upper inset) , but because the depletion region is small, tunneling still occurs through the barrier and leads to a measurable current flow that increases with increasing reverse bias.
The depletion region in the semiconducting SWNT at the junction should have an even more profound effect on the conductance through the semiconducting SWNT itself, because in this case charge carriers must pass a barrier twice as wide as in tunneling to the metallic SWNT (Fig. 4B) . The semiconducting SWNT contains two barriers, each with transmission probability T d , corresponding to the depletion regions in the semiconducting SWNT on either side of the metallic SWNT. The total transmission through the semiconducting SWNT is then given by
We explore this effect using the following device geometry. A voltage was applied to one end of the semiconducting SWNT in an MS device, while the other end was grounded through a current-measuring amplifier. A second amplifier measured the current flowing to ground through the metallic SWNT (inset, Fig.   4A ). The three-terminal geometry allows for the determination of the direct transmission through the semiconducting SWNT, T S , excluding processes that involve the transmission through the metal SWNT. The linear response conductance across the semiconducting SWNT is 4.3 nS, corresponding to a transmission probability T S ϭ 2.8 ϫ 10
Ϫ5
. This indicates that
, in excellent agreement with the two-terminal result T d Ϸ 5 ϫ 10 Ϫ3 obtained earlier. These results quantitatively verify our description of the nature of the MS junction in crossed SWNTs.
The potential of the metal SWNT electrode may be used to control the nonlinear characteristics of the semiconducting SWNT. We can ground the metal SWNT as well as one end of the semiconducting SWNT (Fig.  4A) . When a negative voltage is applied, the barrier to holes will remain intact, because the metallic SWNT remains at roughly the same potential as the grounded end of the semiconducting SWNT (Fig. 4C) . However, when a positive bias is applied so that the potential difference between the metallic and semiconducting SWNT is greater than the barrier height, holes may pass the barrier and current will flow through the semiconducting SWNT (Fig. 4D) . We observed such a response in the measured current leaving the semiconducting SWNT (I S in Fig. 4A) .
The current from the semiconducting SWNT is approximately 100 times greater for a bias of ϩ700 mV than for Ϫ700 mV. The direction of the rectification is determined by the contact of the semiconducting SWNT to which the metal SWNT is connected. It has been noted that the ineffective screening inherent in one-dimensional systems poses problems for nanotube Schottky devices (20): Nanometer-scale depletion regions are likely to be leaky barriers to tunneling. The existence of a third terminal in our MS junction device offers a solution to this problem, allowing us to construct a good rectifier from narrow Schottky barriers. The active length of our device is on the order of 15 nm, demonstrating that useful devices consisting of only a few thousands of atoms can be constructed from SWNTs. consisting of degenerately doped silicon capped with 1 m of SiO 2 . Cr/Au alignment marks were defined on the SiO 2 surface by electron beam lithography. SWNTs synthesized by laser ablation were ultrasonically suspended in dichloroethane, and the resulting suspension was placed on the substrate for approximately 15 s, then washed off with isopropanol. An AFM operating in tapping mode was used to locate favorably arranged, crossed SWNTs relative to the alignment marks on the substrate. Objects whose height profile was consistent with single SWNTs (Ϸ1.4 nm) were preferentially selected, but some devices consisting of small bundles of SWNTs (Ͻ3 nm) were also fabricated, with similar results. (Fig. 1) to determine the ages, provenance, and crustal affinity of Himalayan rocks. Detrital zircons provide maximum depositional age constraints, and minimum depositional ages of some strata are constrained by U-Pb ages of crosscutting intrusive rocks.
Ages of detrital zircons from quartzites in the Nawakot Group of the Lesser Himalaya are generally greater than ϳ1600 million years ago (Ma), with age distribution peaks at ϳ1866 and ϳ1943 Ma (Fig. 2) . Because the age of zircons from the intrusive Ulleri augen gneisses is ϳ1831 Ma, the lower Nawakot Group must have been deposited between ϳ1866 and 1831 Ma. The detrital zircon ages are consistent with sedimentological data indicating that Lesser Himalayan sediments were derived from the Indian shield (19, 21, 27) .
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